Attachment of polyethylene glycol (PEG) molecules to nanoparticles (PEGylation) is a widely-used method to improve the stability, biocompatibility and half-life of nanomedicines. However, the evaluation of the PEGylated nanomedicine pharmacokinetics (PK) requires the decomposition of particles and purification of lead compounds before analysis by high performance liquid chromatography (HPLC), mass spectrometry, etc. Therefore, a method to directly quantify undecomposed PEGylated nanoparticles is needed. In this study, we developed anti-PEG bioparticles and combined them with anti-PEG antibodies to generate a quantitative enzyme-linked immunosorbent assay (ELISA) for direct measurement of PEGylated nanoparticles without compound purification.
or MR imaging system. An effective method to measure the pharmacokinetics of PEG-modified nanoparticles is needed for these various types of PEGylated nanomedicine and will also be important for both drug-development and clinical applications.
To date, several approaches have been proposed to measure the concentration of PEGylated nanoparticles. However, current methods have limitations. For example, radioactivity-based pharmacokinetics study is currently the most sensitive method for the measurement of PEG-liposomes or PEG-micelles through determination of incorporated radioactivity. But radioisotope-incorporation creates radio-hazards and needs a dedicated and licensed facility. High-performance liquid chromatography (HPLC) is the most common method for pharmacokinetics studies of PEGylated nanoparticles. For instance, samples of PEG-liposomes or PEG-micelles, usually in serum, have to undergo protein precipitation and active drug extraction by decomposing particles 10 before HPLC analysis. This preparation breaks the particles and results in some deviation in the measurement of PEGylated nanoparticles. For solid PEGylated nanoparticles, such as PEG-SPIO and PEG-gold nanoparticles, inductively-coupled plasma mass spectrometry (ICP-MS) can be used to quantify and determine the nanoparticles kinetics. But, PEG-SPIO or PEG-gold nanoparticles need to be dissolved by nitric acid or Aqua Regia before ICP-MS analysis 11 . This procedure also destroys the structure of particles. Furthermore, serum also interferes with the detection ability of ICP-MS 12 . In short, current methods require the decomposition of PEGylated nanoparticles before evaluating the pharmacokinetics. They can determine the kinetics of the lead compound but not whole PEGylated nanoparticle, and may therefore result in miscalculation of the metabolism and kinetics of PEGylated nanoparticles. Based-on such shortcomings, development of a simple, sensitive and universal method to directly measure the concentrations of whole PEGylated nanoparticles is very important for pharmacological studies.
Based on this rationale, in this study we attempted to develop a method for direct measurement of PEGylated nanoparticles without compound purification. We expressed anti-PEG antibody Fab on the cell surface to form anti-PEG bioparticles and combined it with anti-PEG antibodies to generate a quantitative ELISA (anti-PEG bioparticle-based ELISA) for direct measurement of PEGylated nanoparticles without compound purification (Fig. 1) . We checked the membrane expression and functions of the anti-PEG bioparticles by fluorescence conjugated anti-tag antibodies and PEGylated probes. We then examined the functionality of the anti-PEG bioparticle-based ELISA by fixing with 1% paraformaldehyde and further investigated the detection limit of the anti-PEG bioparticle-based ELISA. We also examined whether the anti-PEG bioparticle-based ELISA could tolerate samples in human or mouse serum. We used a radiolabeled PEG-nanoparticle (Nano-X-111 In) to compare the detection ability of the anti-PEG bioparticle-based ELSIA and a traditional radioactivity-based gamma counter in pharmacokinetic studies. The results suggest that the anti-PEG bioparticle-based ELISA may provide a direct and effective method for the quantitation of any whole PEGylated nanoparticles without sample preparations.
Results
Characterization of anti-PEG bioparticles. The properties of anti-PEG or anti-Dansyl (DNS) bioparticles were determined by immunofluorescence staining with mouse anti-HA tag antibodies and PE-conjugated goat anti-mouse IgG Fc antibody. Figure 2A ,D shows that PE signal (red florescence) was accumulated on both the surfaces in the anti-PEG bioparticle and anti-DNS bioparticle groups. This result indicates that both the anti-PEG bioparticles and anti-(DNS) bioparticles were successfully established. In order to examine the specific binding ability of anti-PEG bioparticles, the PEG-QD were incubated to the anti-PEG bioparticles and anti-Dansyl (DNS) bioparticles. Figure 2B ,E show that QD signals (green florescence) only accumulated on the surface of anti-PEG bioparticles, and not the control anti-DNS bioparticles. The merged results of anti-PEG bioparticles and PEG-QD were shown as a co-localized feature (Fig. 2C) , but, the anti-DNS bioparticles only showed the antibody expression (Fig. 2F ). These results demonstrate that anti-PEG antibody Fab was successfully expressed on the cell surface to form the anti-PEG bioparticles and PEGylated nanoparticles can be specifically trapped at the anti-PEG bioparticles.
Assessment of sensitivity with paraformaldehyde fixation in the anti-PEG bioparticle-based sandwich ELISA. The detection sensitivity of paraformaldehyde fixed or non-fixed anti-PEG-bioparticlebased ELISA was performed by measuring the PEG-NPs. PEGylated nanoprobes (PEG-QD) were added to anti-PEG bioparticle-coated 96-well plates. Then, anti-PEG-Biotin antibodies were used as detection antibodies. Figure 3 shows that the detection limit of PEG-QD was consistent in fixed or non-fixed anti-PEG bioparticle-based ELISA. The results show that the sensitivity of anti-PEG bioparticle-based ELISA could not be reduced with the fixation of paraformaldehyde.
Quantitation of PEGylated nanoparticles by anti-PEG bioparticle-based ELISA. The detection limit of anti-PEG bioparticle-based ELISA was measured by PEGylated nanomolecules. PEGylated nanomolecules (Lipo-dox, PEG-QD, PEG-SPIO and PEGASYS) were added to anti-PEG bioparticle-coated 96-well plates. Then, anti-PEG-Biotin antibodies were used as detecting antibodies. As shown in Fig. 4A -D, the concentrations of PEGylated nanoparticles can be measured by anti-PEG bioparticle-based ELSA and the detection limit of PEG-QD, PEG-SPIO, Lipo-dox and PEGASYS are 0.01, 0.1 nM, 15.63 and 0.48 ng/mL, respectively. These results indicate that we successfully established an anti-PEG bioparticle-based ELISA with high sensitivity for PEGylated nanoparticle quantitation.
Tolerance to serum effect of the anti-PEG bioparticle-based ELISA. The effect of serum on the sensitivity of the anti-PEG bioparticle particle-based ELISA was examined by measuring concentrations of PEG-QD or Lipo-Dox under human or mouse serum-containing conditions. The seral diluted PEG-QD and Lipodox were prepared in 2.5%, 5% or 10% human or mouse serum and were then added to an anti-PEG bioparticle-coated 96-well plate. Anti-PEG-Biotin antibodies were used as detection antibodies. For measurement of PEG-QD, the detection limit was 0.01 nM. Similar results were also obtained in the measurement of Lipo-Dox. The detection limit was as low as 15.63 ng/mL of Lipo-Dox the detection profiles were also almost the same in the groups containing different percentages of human (Fig. 5A ,C) or mouse serum (Fig. 5B,D) . We also noted lower absorbance signals in the saline group, without skim milk or serum, when measuring PEG-QD or Lipo-Dox. This phenomenon demonstrates that skim milk or serum protein could enhance and stabilize the antibody binding in anti-PEG bioparticle-based ELISA. These results indicate that the anti-PEG bioparticle-based ELSIA is serum tolerant and the detection sensitivity can be enhanced by a supporting or serum protein.
Comparison of the detection ability of anti-PEG bioparticle-based ELISA and radioactivity assay for pharmacokinetic study of Nano-X-111 In. The detection ability of anti-PEG bioparticle-based ELISA and traditional radioactivity-based pharmacokinetics study were compared. Twenty microcurie radiolabeled PEG-nanoparticles (Nano-X-111 In) were intravenously injected into Balb/c mice. Mouse serum was harvested at different times and the concentration of Nano-X- 111 In was determined by anti-PEG bioparticle-based ELISA or a gamma counter. Figure 6 shows that the pharmacokinetic results of Nano-X- 111 In which was determined by anti-PEG bioparticle-based ELISA (Half-Life = 4.5 hour) are similar to the gamma counter method (Half-Life = 3.8 hour). These results indicate that the anti-PEG bioparticle-based ELSIA is a highly sensitive platform, comparable to the radioactivity-based method, for quantifying the PEGylated nanoparticles in pharmacokinetic studies.
Discussion
In this study, we have successfully established an anti-PEG bioparticle-based ELISA platform for the quantitation of whole PEGylated nanoparticles. The anti-PEG bioparticles recognize the PEG backbone (-O-CH 2 -CH 2 ) on the surface of PEGylated nanoparticles. The anti-PEG bioparticles were able to combine with anti-PEG antibodies to directly quantify Lipo-Dox, PEG-SPIO, PEG-QD and PEGASYS without particle breaks and lead compound purification. Furthermore, this anti-PEG bioparticle-based ELISA could tolerate the serum effect In was measured by the anti-PEG bioparticle-based ELISA (○ ). The radioactivity of Nano-X-
111
In in the serum sample was directly measured by a gamma counter (• ). Data represents mean ± SD. Statistical analysis was performed by independent t-test (P = 0.9994). ns, no significant difference. and 1% paraformaldehyde fix for commercialization. Furthermore, the results of pharmacokinetic studies on Nano-X- 111 In through anti-PEG bioparticle-based ELISA are comparable to the traditional radioactivity-based method. Those results demonstrate that the anti-PEG bioparticle-based ELISA is a powerful tool to measure any PEGylated nanoparticles and to help accelerate the development of clinical and preclinical nanomedicines.
A universal platform is needed to quantify various types of PEGylated nanoparticles. PEGylation, PEG incorporation, is approved by the US Food and Drug Administration and is a widely-used method to improve the stability, biocompatibility and half-life of nanomedicines 13, 14 . But, a corresponding method should be used to determine the kinetics of each type of PEGylated nanomedicine. Traditional approaches for estimating the PK, such as HPLC have been utilized to analyze the liposomal drugs 15 and ICP-MS is used to analyze the solid nanoparticles 16, 17 . Our anti-PEG bioparticles could recognize the backbone repeat (-CH 2 -CH 2 -O-) of PEG on the surface of nanoparticles. In our previous report, we reported that PEG-biocapture particle-based ELISA can be used to determine the kinetics of various lengths of PEG, such as free PEG (M.W. 1000, 2000, 5000) 18 . The anti-PEG antibodies also can measure the liner PEG modified interferon alfa-2b or branch PEG modified interferon alfa-2a 19 . In this study, the anti-PEG bioparticle-based ELISA was used to assess the concentrations of Lipo-Dox with PEG2000, and PEG-Qdot with PEG5000. The results indicated that this anti-PEG bioparticle-based ELISA is a total solution for the analysis of PK various types of PEGylated nanoparticles in a single approach. It may also be a useful method for estimating PK in vivo thus accelerating the development of PEGylated nanomedicine.
Development of a quantitative platform that tolerates serum-containing samples is important for in vivo pharmacokinetic studies of nanomedicines. Most samples for analysis in pharmacokinetic studies are in serum. However, serum contains multiple substances that cause serum interference in kinetic analysis, including serum proteins, non-specific antibodies, fatty acids, bile salts, ligands, and steroids 20, 21 . Most sample preparation procedures are to reduce the effect of serum. For example, Caroline reported that using acids or heat to remove the nonspecific-protein from serum before sample injection, can reduce the nonspecific signal in liquid chromatography-mass spectrometry (LC-MS) analysis 22, 23 . Remsberg reported that for the measurement of kinetics of anti-cancer mTOR inhibitor drug (Ridaforolimus-DSPE-PEG2000 Micellar) in rats, the inhibitors should be extracted from serum by ethyl acetate before HPLC analysis 24 . Although sample preparations and extractions are common in current analytic methods (LC-MS, HPLC, etc.), the recovery rate may directly affect the results of kinetic studies. Because the PEGylated nanoparticles break, the kinetics of whole PEGylated nanoparticles cannot be determined in kinetic studies. Our previous studies also found that the human serum affected the detection sensitivity of PEGylated interferon (Pegasys) in traditional sandwich ELISA 25 . As mentioned above, multiple-step extraction and serum may affect the sensitivity and accuracy for determining the pharmacokinetics of PEGylated nanoparticles. In our study, the concentration of PEG-NPs in serum samples could be detected with anti-PEG bioparticle-based ELISA without any extraction step. Furthermore, the anti-PEG bioparticle-based ELISA, with anti-PEG bioparticles expressing anti-PEG antibody Fab on the cell surface, could tolerate up to 10% human or mouse serum as quantitating PEG-Lipo-Dox or PEG-QD. Moreover, serum proteins or supporting proteins could stabilize the antibody binding and enhance detection sensitivity up to eight-fold in the anti-PEG bioparticle-based ELISA. These results indicate that the anti-PEG bioparticle-based ELISA system can determine the concentration of the PEGylated nanoparticles without sample extraction and tolerance to serum interference. It may provide an easy handing platform to quantitate whole PEGylated nanoparticles for pharmacokinetic studies in vivo.
Anti-PEG bioparticle-based ELISA is an economically competitive platform for quantitation of PEGylated nanomedicines. Kinetics analysis using ELISA requires high quality antibodies. Traditionally antibodies are usually harvested from ascites of living animals and purified by a protein A/G column. However, this approach causes pain in animals and lower antibody yield in unstable antibody purification buffer conditions [26] [27] [28] . To reduce the pain in the animal, European countries have also established guidelines to restrict or prohibit ascites production in rodents [29] [30] [31] . Several substitutable approaches have been developed to produce antibodies. For example, Hendriken et al. reported antibodies that were produced in vitro by a bioreactor 32 . Glassy and Mariani also indicated that antibodies could be produced and harvested from the serum substitute supplements containing medium of hybridoma 33, 34 . But, the expensive and time-consuming process of purification of antibodies is also required in those in vitro antibody producing methods. The PEG-bioparticle is an anti-PEG antibody Fab expressed on the cell surface with uniform orientation which could sensitively recognize the PEG molecule 35 . The antibodies are automatically produced as cell proliferation. In addition, antibody purification is not necessary in this anti-PEG bioparticle producing system and the anti-PEG bioparticles can be applied to an ELSIA plate as a capture layer to detect the concentration of various PEG-NPs. This bioparticle-based strategy should be combined with the appropriate cell-coating platform for the scale plating system. However, a factory-scale cell-coated product-line should be established. We believe the anti-PEG bioparticle-based strategy may provide an economic and convenient approach for the manufacture of a commercial ELISA kit.
Conclusion
PEGylation is still the most useful technique in nanomedicine for enhancement of bioavailability and therapeutic efficacy 36 . Current pharmacalkinetic studies of PEGylated nanoparticles are limited by radioisotope-incorporation methods or particle breaks 15 . The anti-PEG bioparticle-based ELISA provides several advantages: (1) the property of a PEG backbone dependent on anti-PEG bioparticles allows wide use in diverse PEGylated nanomedicine; (2) the orientation of anti-PEG bioparticles is directed outwards to improve detection sensitivity; (3) the anti-PEG bioparticles are auto-reproduction which reduces the cost compared to traditional methods of antibody purification; (4) anti-PEG bioparticles could be fixed with paraformaldehyde that make it possible to commercialize; (5) the tolerance to serum makes the anti-PEG bioparticles suitable to assess any PEGylated nanomedicine in a serum sample; (6) anti-PEG bioparticle-based ELISA could quantitate whole PEGylated nanoparticles without breaking the particles. Based on these features, we believe that the anti-PEG bioparticle-based platform meets a need in the development of novel nanomedicine and has a profound impact on the present quantitating technique of nanomedicines.
Materials and Methods

Animals and cells.
Female BALB/c mice were purchased from the National Laboratory Animal Center, Taipei, Taiwan. All animal experiments were performed in accordance with institutional guidelines and were approved by the Animal Care and Use Committee of the Kaohsiung Medical University. BALB/3T3 cells (American Type Culture Collection, Manassas, VA) were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich, St. Louis, MO) containing 10% bovine calf serum (BCS) (HyClone) with 100 units/mL penicillin and streptomycin (Invitrogen, Calsbad, CA), at 37 °C in a humidified atmosphere of 5% CO 2 . The generation of BALB/3T3 cells which expressed anti PEG-bioparticles (anti-PEG antibody Fab) or control anti-DNS-bioparticles (anti-DNS antibody Fab) was as described previously 37 .
Reagents. PEG-Qdot 525 (Qdot 525 ITK amino (PEG) quantum dots) was purchased from Invitrogen.
Lipo-Dox was provided by Taiwan Tung Yang Biopharm Company Ltd. The synthesis of Nano-X-111 In was as previously described 38 . PEG-SPIO was purchased from Genovis (Lund, Sweden). Pegsays were from Roche (NJ, USA).
Characterization of anti-PEG bioparticles by confocal microscopy. BALB/3T3 cells (5 × 10 5 ) which expressed anti-PEG antibody Fab or control anti-DNS antibody Fab 35 were grown on 10 μ g/mL poly-L-lysine coat 18 mm cover glass in culture medium at 37 °C in a humidified atmosphere of 5% CO 2 for 24 hours. Cells were washed with DMEM once and Tris-buffered saline (TBS) twice, and incubated with 1% paraformaldehyde for 3 minutes at room temperature. The slices were washed with TBS 3 times and blocked with TBS containing 3% bovine serum albumin (BSA) for 1 hour at room temperature. The slices were washed with TBS 3 times and stained with anti-HA epitope antibody (1.5 mg/ml, 200x dilute) for 45 min at room temperature. The slices were washed with TBS 3 times and stained with Goat anti-mouse IgG-Fcγ -PE (0.5 mg/ml) for 45 min at room temperature. The slices were washed with TBS 3 times and stained with PEG-Qdot 525 4 nM for 45 min at room temperature. After extensive washing, the endocytic activity of the receptors was recorded with a confocal microscope (LSM 510 META NLO DuoScan, Carl Zeiss).
Measurement of the concentration of PEG-QD nanoparticles by fixed anti-PEG bioparticle-based sandwich ELISA. BALB/3T3 cells which expressed anti-PEG antibody Fab (2 × 105 cells/well) were grown in 96-well plates (Nalge Nunc International, Roskilde, Denmark) in culture medium for 24 hours. Plates were washed with DMEM twice and saline once. The fixation group was treated with 1% paraformaldehyde for 3 min at room temperature, and washed with saline 3 times then blocked with saline containing 2% skim milk for 1 hour at 37 °C. The control group was incubated in DMEM buffer at 37 °C. Graded concentrations of PEG-Qdot 525 were diluted with saline containing 2% skim milk, and added to the wells (50 μ L/well, n = 3 per group) at room temperature for 1 hour. After being washed, the cells were sequentially incubated with biotinylated AGP4 (0.25 μ g/well) and streptavidin-conjugated horseradish peroxidase (streptavidin-HRP, 50 ng/well). The plates were washed with saline, and bound peroxidase was measured by adding 150 μ L/well ABTS solution [0.4 g/mL, 2′ -azinobis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Sigma-Aldrich), 0.003% H 2 O 2 , and 100 mM phosphate-citrate, pH = 4.0] for 30 min at room temperature. The experiment was repeated three times, independently.
Anti-PEG bioparticle-based sandwich ELISA. BALB/3T3 cells which expressed anti-PEG antibody Fab or anti-DNS antibody Fab (2 × 10 5 cells/well) were grown in 96-well plates (Nalge Nunc International, Roskilde, Denmark) in culture medium for 24 hours. Plates were washed with DMEM twice and saline once. Cell-coated plates were treated with 1% paraformaldehyde for 3 min at room temperature, and washed with saline 3 times then blocked with saline containing 2% skim milk for 1 h at 37 °C. Graded concentrations of PEG-Qdot 525, Lipo-Dox, PEG-SPIO, Pegasys, PEG-micelle and Nano-X-
111
In were diluted with saline containing 2% skim milk, and added to the wells (50 μ L/well, n = 3 per group) at room temperature for 1 hour. After being washed, the cells were sequentially incubated with biotinylated AGP4 (0.25 μ g/well) and streptavidin-conjugated horseradish peroxidase (streptavidin-HRP, 50 ng/well). The plates were washed with saline, and bound peroxidase was measured by adding 150 μ L/well ABTS solution [0.4 g/mL, 2′ -azinobis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Sigma-Aldrich), 0.003% H 2 O 2 , and 100 mM phosphate-citrate, pH = 4.0] for 30 min at room temperature. The experiment was repeated three times, independently.
Assessment of the serum interference in the anti-PEG bioparticle-based sandwich ELISA.
Saline, saline containing 2% (wt/vol) skim milk or saline containing 2.5% (v/v) or 10% (v/v) mouse or human serum were used as diluents for LipoDox and PEG-QD (n = 3 per group). The anti-PEG bioparticle-based sandwich ELISA was then performed as described above; saline was used as the wash buffer and saline containing 2% (wt/vol) skim milk was used as the diluent for secondary and tertiary reagents. The experiment was repeated three times, independently.
Pharmacokinetics of Nano-X-
111 In in mice. Female BALB/c mice (n = 8) was intravenously injected with Nano-X-
111
In. The mouse blood was harvested at different times by use of a heparinized capillary tube. The concentration of Nano-X- 111 In was measured by anti-PEG bioparticle-based ELISA and a gamma counter for 50-and 250-fold diluted serum. The radioactivity of weighed serum was counted on a Wallac 1470 Wizard gamma counter (Perkin-Elmer). The serum half-life of Nano-X- 111 In was estimated by fitting the data to a one-phase exponential decay model with Prism 6 software.
Scientific RepoRts | 6:39119 | DOI: 10.1038/srep39119 Statistical Analysis. The detection limit of the anti-PEG bioparticle-based sandwich ELISA in Figs 3-5 was defined as the lowest concentration of PEGylated nanoparticles that produced a statistically higher signal than the signal produced from the blank. Statistical significance was calculated using GraphPad Prism 6.0 with student t-test. In Fig. 3 , the statistical difference of paraformaldehyde fixation and non-fixation groups was analyzed by independent t-test. In Fig. 6 , the statistical difference of the anti-PEG bioparticle-based ELISA and the gamma counter to assess the pharmacokinetics of Nano-X- 111 In was analyzed by independent t-test. Data were considered statistically different as P values < 0.05. In Fig. 5 , the statistical comparison between control group (saline containing 2% skim milk) and test groups was performed by multiple t-test. *P value < 0.05; **P value < 0.0001 as compared to control group. The serum half-life of Nano-X-
In was calculated using GraphPad Prism 6.0 with one-phase exponential decay model.
